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Approximately 10% of all bacterial genomes sequenced thus far contain a 
secondary replicon. This considerable genetic reservoir contains many potentially 
mobilizable elements, allowing for the formation of many unique secondary 
replicons. This property of bacterial populations vastly increases the genomic 
diversity available to species that effectively take up and maintain these 
replicons. Members of the genus Variovorax have extensive heterogeneity in 
genome architecture, including sequenced isolates containing plasmids, 
megaplasmids, and chromids. Using available Illumina data on the NCBI 
database, we have completed these assemblies using 3rd generation sequencing 
methods on 17 members of this genus. We have sequenced, assembled, and 
evaluated these now complete Variovorax genomes to examine the diversity of 
elements. From these assemblies 9 chromids, 7 megaplasmids, 2 plasmids, and 
an integrated megaplasmid were identified using genomic frequency 
characteristics. We observed in the genomic characteristics data that there is a 
pattern of evolution where a plasmid is picked up by the organism and over 
evolutionary time, there is expansion of the replicon in size through acquisition of 
mobile elements and interreplicon transfer. As this process goes on, the 
secondary replicons’ genomic frequency characteristics regress toward the 
chromosome. Given the evolutionary pattern seen, we were interested to find out 
if the high levels of heterogeneity present in Variovorax are due to factors 




chromosome. Using two strains of Variovorax paradoxus strains, VAI-C 
(multipartite genome) and EPS (single chromosome) and two plasmids pRU1105 
and pBBR5pemIKpBAD (which contains a Toxin-Antitoxin system), were used to 
evaluate the maintenance of plasmids in the absence of selection. Surprisingly, 
the Toxin-Antitoxin system had a deleterious effect and showed no additional 
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CHAPTER ONE                                                                              
INTRODUCTION 
 
 John Cairns published the first DNA autoradiography from Escherichia coli 
in 1963 showing that the bacteria genome consisted of a single circular 
chromosome (Cairns 1963; diCenzo and Finan 2017). Studies in Bacillus subtilis 
(Wake 1973; diCenzo and Finan 2017) and Mycoplasma hominis (9,15) led to 
the general view of bacteria having a single primary chromosome, and 
sometimes a smaller, nonessential, circular plasmid. A linear plasmid was first 
identified in 1979 in Streptomyces sp. (Hayakawa et al. 1979; diCenzo and Finan 
2017), followed by the identification of a linear chromosome in 1989 in Borrelia 
burgdorferi (Baril et al. 1989; Ferdows and Barbour 1989; diCenzo and Finan 
2017). This in fact demonstrated that bacterial chromosomes do not need to be 
circular. The symbiosis megaplasmid in Sinorhizobium meliloti was identified in 
1981 as an important contributor to nodulation and nitrogen fixation (diCenzo and 
Finan 2017). The discovery of these elements changed the perception that the 
entire genome is contained within the chromosome (diCenzo and Finan 2017). 
An even larger secondary replicon, containing essential genes, was discovered 
in Rhodobacter sphaeroides in 1989, and this was termed a secondary 
chromosome because it demonstrated that essential cell functions can be 
encoded by multiple replicons in prokaryotes (Suwanto and Kaplan 1989; 
diCenzo and Finan 2017). In 2010, due in part to the large amount of bacterial 




Chromid is a replicon that carries core genes and likely has been co evolving 
with the Chromosome for a lengthy amount of evolutionary time (Harrison et al. 
2010). 
 
Types of Replicons 
A single, usually circular, chromosome is the primary replicon in bacteria 
and is always the largest replicon containing the majority of core/essential genes 
(diCenzo and Finan 2017). About 10% of all bacteria for which data is available 
have taken up a piece of DNA that is maintained as a secondary replicon 
(diCenzo and Finan 2017). There are four established types of secondary 
replicons: plasmids, megaplasmids, chromids, and secondary chromosomes. A 
plasmid is a small secondary replicon defined functionally to carry no core genes 
and exist as a mobile genetic element. Plasmids are nonessential and thus can 
be lost without a serious impact to cell viability in most circumstances (diCenzo 
and Finan 2017). A megaplasmid is a secondary replicon that is currently defined 
by its size, although there is no established boundary for the size cutoff, they are 
generally larger than >350kb-460k kb, with the same functionality as the plasmid. 
The term megaplasmid was coined to reflect the importance of genes contained 
within the replicon and the large size when compared to previously identified 
plasmids. The new plasmid nomenclature refers to large secondary replicons, 
with a molecular mass of <300x 10^6 Da (~460kb), as megaplasmids. 




subdivision defined by its functional role to carry at least one core gene which is 
essential for cell viability under most circumstances. The loss of this replicon 
would result in cell death (Harrison et al. 2010; diCenzo and Finan 2017). The 
term chromid is a combination of chromosome and a plasmid referring to how a 
chromid replication is an intermediate between a plasmid and 
chromosome(diCenzo and Finan 2017). A secondary chromosome shares the 
same functional role as a chromid but is defined by its unique evolutionary origin, 
as the result of a fracture of the primary chromosome into two independently 
maintained replicons (diCenzo and Finan 2017). Historically the term secondary 
chromosome has been used to describe what is now called a chromid (Harrison 
et al. 2010), but in this proposal I will use the two separate terms rigorously to 
distinguish these different types of replicons.  
 
How Secondary Replicons Arise 
 The presence of secondary replicons in 10% of currently sequenced 
organisms raises the question of what factors influence the distribution of these 
elements. Do these bacteria have within their primary chromosome genes or 
mechanisms aiding in the uptake and maintenance of a secondary replicons, or 
do secondary replicons contain genes that drive their distribution either through 
phenotypic effects or “selfish gene” mechanisms? Both mechanisms may 




which these secondary elements are distributed randomly in populations, and the 
patterns we see are simple inheritance without selection. 
 Plasmids are typically acquired by a given host species through horizontal 
gene transfer (HGT), either by conjugation or natural competence. Conjugation is 
a mechanism that requires direct cell to cell contact and can only be seen as 
direct transfer of genetic information (Mora et al. 2020 Dec 27). Natural 
competence is the direct uptake of DNA from the environment, which could have 
implications for nutrition as well as genetics (Finkel and Kolter 2001). Natural 
competence has recently been shown to occur widely in bacteria, under the right 
conditions (Hülter et al. 2017). Evolutionary considerations around plasmid 
uptake focus on the phenotypic effect of gained functions which may alter the 
host’s fitness, or the selfish gene idea which focuses on plasmid-borne gene 
fitness. Plasmid encoded genes often include important accessory factors such 
as antimicrobial resistance, heavy metal resistance which may be required for 
growth in some environments, toxins, or genes required for expansion to a niche 
(diCenzo and Finan 2017). Many of these mobile elements contain self-
promoting features aiding in the ability for the host to survive or adapt to its 
environment. By facilitating its host’s ability to survive, the host will be able to 
replicate and pass on the plasmid to its daughter cells. The secondary replicon’s 
accessory genes are likely a reservoir of functionality that can be transferred to 
form new and unique combinations, thus creating replicons that are varied and 




hostage through Plasmid Addiction Systems (PAS). Plasmid addiction systems 
can force its host to keep a plasmid through genes like hok/sok (host 
killing/suppressor of host killing), and other Toxin/Antitoxin systems (TA system) 
consisting of a long-lived toxin and a short-lived antitoxin (Hülter et al. 2017). 
When an organism has plasmid with a TA system, when it goes to divide if a 
daughter cell does not inherit the TA system it is likely to die. Due to the 
presence of the stable long live toxin proteins it likely inherited without a means 
to detoxify it. This is an example of a selection pressure which may have helped 
selected for defense mechanisms against mobile element/plasmid invasion such 












Figure 1 depicts a plausible chain of events when a plasmid invades a 
host or is picked up through HGT, resulting in persistence of a plasmid that can 
lead to the formation of a megaplasmid/chromid. The plasmid and the host will go 
through a series of several adaptations in response to the interaction. The first 
stage is called invasion where the plasmid is picked up/invades the host cells 
Figure 1. Plasmid Invasion Theory 
This figure depicts plasmid invasion theory 





and is thought to occur via HGT (Hülter et al. 2017). The second stage is when 
genome evolution begins after gene transfer ensues between the host 
chromosome and the newly acquired plasmid (Hülter et al. 2017). This can 
include SNPs, deletions, insertions, rearrangements, or the integration of new 
genetic information from other mobile sources such as other plasmids, phages, 
and transposons (Hülter et al. 2017). Gene transfer between the host 
chromosome and plasmid can increase or decrease the plasmid’s significance 
for its host based on the nature of the genes that are mobilized and the direction 
of transfer (Hülter et al. 2017). The third stage is expansion of the host range or 
the gain of new phenotypes from the genes acquired from the plasmid (Hülter et 
al. 2017). The fourth stage is persistence, the ability of the plasmid to persist in 
the bacterial host population by carrying genes allowing the host to thrive or the 
cost of losing the plasmid being too high (Hülter et al. 2017). Given enough time, 
the final transition stage can occur based on the transfer of essential genes from 
the host chromosome to the plasmid, leading to a transition from a 
plasmid/megaplasmid to a chromid (Hülter et al. 2017). 
The difference between a megaplasmid and plasmid is based on size, so 
conversion from a plasmid to a megaplasmid occurs by expansion of the 
plasmid. Expansion of a plasmid can occur via the accumulation of transposon 
insertions, mobile element uptake, interreplicon gene transfers, or duplication 
events (diCenzo and Finan 2017; Hülter et al. 2017). The transition from 




major changes. The first is the acquisition of core-essential genes followed by the 
regression of the mean megaplasmid genomic signature to that of the 
chromosome (diCenzo and Finan 2017). These genomic signatures are 
frequency characteristics that include G+C content, dinucleotide relative 
abundance, and codon usage. Two possible mechanisms for this process are 
interreplicon transfer of essential genes from the chromosome to the secondary 
replicon (diCenzo and Finan 2017), and redundant core genes on the 
chromosome and the chromid which could result from interreplicon duplication of 
a chromosomal gene or acquisition of an ortholog via HGT (diCenzo and Finan 
2017). If the chromosomal copy became a deleterious or nonfunctional mutant, 
the copy on the chromid would be the only effective copy of the gene, thus 
transferring a core gene function to the chromid (diCenzo and Finan 2017). 
Chromids are usually larger than plasmids/megaplasmids but smaller than 
the chromosome and carry many genes with a restricted or sporadic 
phylogenetic distribution (Harrison et al. 2010). Chromids on average are twice 
as large as megaplasmids (diCenzo and Finan 2017), so the evolution of a 
megaplasmid to a chromid likely involves the accumulation of a significant 
number of genes (diCenzo and Finan 2017). It has been thought that most genes 
acquired from HGT are lost as the cost outweighs the benefits (diCenzo and 
Finan 2017). The high variability of megaplasmids supports this, with most of the 
genes acquired by megaplasmids being lost as they provide little to no benefit 




Genes that are acquired from HGT will undergo rapid evolution (diCenzo and 
Finan 2017) which can include the modification of genes and regulatory elements 
though amelioration of codon usage, and promoter modifications to integrate the 
new genes into existing transcriptional networks (diCenzo and Finan 2017). The 
gain of essential genes from the chromosome via interreplicon transfer 
contributes to increased stability of the secondary replicon by reducing gene loss 
and reducing the likelihood of loss of the entire replicon (diCenzo and Finan 
2017). Thus, interreplicon gene transfer aids in the stability of the secondary 
replicon which in turn aids in the incorporation of the secondary replicon into the 
cell’s genome (diCenzo and Finan 2017). 
Chromids and secondary chromosomes are thought to arise by two 
possible mechanisms, the schism hypothesis and the plasmid hypothesis (Egan 
et al. 2005; Chain et al. 2006; Prozorov 2008; Fricke et al. 2009; Choudhary et al. 
2012; diCenzo and Finan 2017). The schism hypothesis explains how a 
secondary chromosome could arise, where an organism having a single 
chromosome splits into two self-replicating chromosomes. Currently there is little 
evidence for this occurring in nature except for extremely rare circumstances 
(diCenzo and Finan 2017). The resulting chromosomes are expected to have 
similar coding densities, gene functional biases (COG analyses), evolutionary 
rates, gene content, and size as they are both derived from a single parent 
chromosome (Nereng and Kaplan 1999; Mackenzie et al. 2001; Choudhary et al. 




explains how a chromid would arise evolving from a megaplasmid or plasmid 
origin. Long term co-evolution of the chromosome and chromid is predicted to 
regress the genomic signatures of the chromid to that of the chromosome. This 
theory differs from the schism hypothesis in several ways. If the secondary 
replicon originated from a plasmid, there would be evidence such as the origin of 
replication (Ori), differences in replication and partitioning machinery such as the 
repABC operon, the presence of relaxase genes, and likely conjugation 
machinery (Harrison et al. 2010). Furthermore, if the secondary replicon arose 
from a megaplasmid, the expectation would be to see few core-essential genes. 
The ones that are present, would likely have evidence of interreplicon transfer 
such as flanking insertion sequences (Harrison et al. 2010). The replication 
systems of chromids should be similar to plasmids, but likely with additional 
regulatory controls that integrate their replication into the cell cycle (Agnoli et al. 
2012; diCenzo and Finan 2017; Orlova et al. 2017; Ramachandran et al. 2017). 
Often, chromids carry plasmid-type maintenance and replications systems while 
also carrying core genes that are found on the chromosome in other species 
(diCenzo and Finan 2017). As mentioned previously, by carrying at least one 
core gene vital to the survival of the cell, the chromid can create a selective 







Genomic Signatures and What They Tell Us 
 Genomic signatures are frequency characteristics of the organism’s DNA, 
and phylogenetically related organisms often carry similar genomic signatures 
(Harrison et al. 2010). Frequency characteristics are measurements of 
fluctuations in properties of the DNA such as G+C content, dinucleotide relative 
abundance, and codon usage. In eukaryotic nuclear genomes, these properties 
do not differ much from chromosome to chromosome or to the degree in which 
homologs of genes are present on the same chromosome in closely related 
species (Harrison et al. 2010). In bacterial genomes there are consistently large 
degrees of variation in these signatures between the secondary replicons and 
primary chromosomes (Harrison et al. 2010).  
Codon bias is the ratio of synonymous codon usage within a genome 
(diCenzo and Finan 2017) and is correlated with the level of gene expression. 
The translation of multiple synonymous codons by a single tRNA occurs by 
wobble base pairing at the third position (Crick 1966; Söll et al. 1966; Quax et al. 
2015). A more highly expressed gene is more likely to have a codon usage 
reflective of the relative tRNA abundance in the organism (Quax et al. 2015). 
Studies of tRNA content from all domains of life show that a full set of tRNAs with 
anticodons that complement the 61 codons is rarely present (Quax et al. 2015). 
In Escherichia coli there are 39 tRNAs, 35 in Sulfolobus solfataricus, and 45 in 




The second genomic signature is G+C content which is the overall 
percentage of guanine and cytosine present in the genome. G+C content varies 
widely in prokaryotes and can be influenced by selective pressures like 
environmental adaptation or by processes such as genetic recombination 
(Foerstner et al. 2005; Mann and Chen 2010; Lassalle et al. 2015; diCenzo and 
Finan 2017). Recent data in bacterial sequence data has shown there is a 
positive correlation between G+C content and genome size. With the larger 
genomes having higher G+C contents but that other factors/forces have a much 
larger influence (Almpanis et al. 2018). Selection toward increased translational 
efficiency or mutational bias present within the host organism cellular machinery 
can drive conversion of thymine/cytosine to adenine/guanine or vice versa 
(Hershberg and Petrov 2010; Hildebrand et al. 2010; diCenzo and Finan 2017). 
In a recent survey of sequenced multipartite genomes, the G+C content of 89.4% 
of megaplasmids and 78.5% of plasmids was lower than the G+C content of the 
corresponding chromosome (diCenzo and Finan 2017). When this analysis was 
extended to chromids, 58.2% of chromids had lower G+C contents and 41.2% 
had higher overall G+C contents (diCenzo and Finan 2017). Though the G+C 
contents of chromids usually only differ by ~1% from the chromosome (Harrison 
et al. 2010), megaplasmids typically differ by >1% (diCenzo and Finan 2017). 
The less pronounced difference in G+C% between chromid and chromosome 
than plasmids or megaplasmids might be an indication of a convergence or 




Figure 2. each individual element has a separate normal distribution around the 
mean with the G+C contents of chromids centered around zero to ~1% (diCenzo 
and Finan 2017). This pattern is consistent with the process of transition from 










The last genomic signature is dinucleotide relative abundance (DRA) 
which is the deviation of dinucleotides from its expected frequency based on the 
Figure 2. Comparison of G+C Content in Secondary 
Replicons in Domain Bacteria. 
Showing the difference in G+C contents of individual 
replicons in comparison to the chromosome. (Image 




genome’s nucleotide frequency (Karlin et al. 1994; diCenzo and Finan 2017). 
Dinucleotide composition has been shown to be important in DNA structural 
preferences such as slides, rolls, propeller twists, and helical twists (Karlin et al. 
1994). Thus, DRA deviations could impact changes on DNA structure including 
duplex curvature, supercoiling, and other higher-order DNA structural features 
(Karlin et al. 1994). Since some DNA repair enzymes can recognize DNA 
secondary structures, we can presume that DRA compositions locally are 
influencing the structure of DNA (Karlin et al. 1994). Thus, the ability of the repair 
enzymes to recognize the DNA (Karlin et al. 1994). These DRA frequencies may 
be important in the process of replication and repair (Karlin et al. 1994). DRA 
frequencies can also affect Nucleosome positioning, some DNA binding protein 
interactions, and ribosomal binding of mRNA (Karlin et al. 1994). Average DRA 
distance within a bacterial genome is relatively small. While on a phylogenetic 
scale interspecies average DRA distances between species are generally larger 
than intraspecies differences. The differences between genomes indicate that 
some factors impose limits upon variation within any particular genome (Karlin et 
al. 1994). This indicates that DRA values within a genome provide a robust 
signature of that genome. Dinucleotide relative abundance profiles for bacterial 
genomes have been shown to be reflective of bacterial phylogeny (Karlin and 
Burge 1995; van Passel et al. 2006; diCenzo and Finan 2017). Studies in 
Sinorhizobium meliloti indicate that dinucleotide relative abundances can be used 




Genomic signatures like codon usage and dinucleotide composition can be 
shaped by their environment and often can be adaptive (Wong et al. 2002; 
Carbone et al. 2003). Using this measurement, chromids are the most like the 
chromosomes (DRA: mean=0.21 +/-0.06), with the megaplasmids (DRA: mean= 
0.50 +/- 0.28) showing intermediate divergence, and plasmids (DRA: mean= 
0.91+/- 0.5) having the most difference (diCenzo and Finan 2017). An 
explanation could be that megaplasmids are less mobile than plasmids and 
successful megaplasmid transfer to phylogenetically distant organisms occurs 
less frequently than plasmids (diCenzo and Finan 2017). Alternatively, this is 
consistent with a model where megaplasmids develop through acquisition of 
smaller plasmids, followed by transfer of genes from the chromosome to the 
mobile element. A reasonable hypothesis to explain this outcome is that the 
explanation for these genome signature differences is simply time since HGT.  
Genomic signatures are shaped by several facts which can have an 
adaptive advantage. Thus, the amelioration of genomics signatures, we can 
hypothesize that they are being driven by specific forces selecting for genomic 
signatures to regress to that of the chromosome (diCenzo and Finan 2017). This 
can be done for example for improved translation efficiency or mutation biases of 
cellular machinery (Wong et al. 2002; Carbone et al. 2003; diCenzo and Finan 
2017). By improving translation efficiency, we can presume that selection forces 
are reducing the energic cost to the cell, reducing the likelihood of bulk DNA loss 




of certain genomic frequencies of the two could be a signal to how recently the 
element was picked up. 
 
Mobilization of Large Secondary Replicons and Purpose 
The propensity for a genomic element to mobilize to another host cell 
should be considered when discussing genomic signatures as it relates to the 
frequency with which the genomic element will be seen. Plasmids are highly 
mobile and diverse, many that are detected in genome sequencing and 
metagenome sequencing are likely relatively new uptakes on an evolutionary 
time scale (diCenzo and Finan 2017). While Megaplasmids and chromids, 
possibly due to poor maintenance following conjugation, an inability to conjugate, 
or the inability of the host cell to maintain it (diCenzo and Finan 2017). This last 
constraint might be due either to a high energetic cost or lack of required 
machinery (diCenzo and Finan 2017). Overall, this pattern suggests that 
megaplasmids and chromids that are detected in sequencing are likely less 
recently acquired than plasmids, therefore have had more evolutionary time to 
regress their genomic signatures to that of the chromosome (diCenzo and Finan 
2017). Some megaplasmids do retain conjugative machinery and their transfer 
between closely related organisms has been observed in nature (Brom et al. 
2002; diCenzo and Finan 2017). Probably due to their evolutionary history as 




evidence of successful HGT of a chromid in nature has yet been published 
(Harrison et al. 2010).  
 Successful transfer of a chromid is believed to be extremely rare event but 
there is no evidence to support the transfer in natural systems (diCenzo and 
Finan 2017). The transfer of these large secondary replicons in the lab is also 
found to be rare but possible if they have retained the machinery necessary for 
conjugation (diCenzo and Finan 2017). The S. meliloti pSymB chromid was 
transferred to A. tumefaciens in an experimental setup with low frequency (Finan 
et al. 1986; diCenzo and Finan 2017). The replicon was shown to be unstable 
and the transconjugants would lose the replicon under non-selective conditions 
(Finan et al. 1986; diCenzo and Finan 2017). A potential decrease in 
transconjugant fitness was observed based on smaller colonies on agar plates, 
and reduced ability to compete with the untransformed host strain (Romanchuk 
et al. 2014; diCenzo and Finan 2017). This reduced fitness in a nutrient-rich lab 
environment was restored with the loss of the secondary replicon, even though 
the megaplasmid affected several phenotypes including biofilm formation, 
antibiotic resistance, and thermal tolerance (Dougherty et al. 2014; diCenzo and 
Finan 2017). This shows that under the lab conditions utilized the transconjugant 
had a reduced ability to compete but gained several functions that could be 
beneficial under some circumstances. 
 These two lab experiments demonstrated that transfer of these large 




the secondary replicons, the cell could reduce its metabolic costs associated with 
DNA replication and replicon gene expression (Mauchline et al. 2006; Morton et 
al. 2013; Romanchuk et al. 2014; diCenzo and Finan 2017). This would decrease 
the number of non-essential mRNA transcripts allowing ribosomes to translate 
core proteins, as well as decreasing the total number of gene products 
(Romanchuk et al. 2014; diCenzo and Finan 2017). An additional complication of 
secondary replicon fitness is the potential for negative epistatic interactions 
(diCenzo and Finan 2017). If the secondary replicon has a gene that encodes a 
product and negatively interacts with a host cells vital pathway, this could 
promote the loss of the secondary replicon. These negative interactions could be 
directly between the proteins, or regulatory interactions at the transcriptional level 
(Morton et al. 2013; Romanchuk et al. 2014; diCenzo and Finan 2017).  
 In lab experiments, transfer of these large secondary replicons was shown 
to come at a high cost even though they exist in nature. The acquisition of a large 
secondary replicon could be a strategy for increasing genome size. Multipartite 
genomes on average are larger than their single chromosome counterparts, 
usually due to the presence of the secondary replicon, while the chromosomes 
are roughly equal size (diCenzo and Finan 2017). However, of the 50 largest 
genomes, only 3 of them are multipartite (diCenzo and Finan 2017). This 
multipartite architecture is thought to allow the two individual pieces to replicate 
faster than a single chromosome. Some of the species with the highest maximal 




genome is thought to play a role in this (diCenzo and Finan 2017). Further 
experimentation conducted on 214 species across the phylogenetic tree did not 
identify any correlation between genome size and minimal generational time 
(diCenzo and Finan 2017).  
 Localization of related genes on the same replicon allows for coordinated 
gene regulation (diCenzo and Finan 2017). The replicon that a gene is carried on 
can influence gene dosage as individual replicons can be over or 
underrepresented in genes that are up/down regulated in different environments 
(diCenzo and Finan 2017). In several Vibrio species the initiation of replication of 
the chromosome occurs before the chromid resulting in a higher-than-average 
gene dosage and transcription/translation of chromosomal genes (diCenzo and 
Finan 2017). Genes that are clustered together on a replicon allow for 
coordinated regulation via transcription factors, via a bias of transcription factors 
to regulate genes found on the same replicon (diCenzo and Finan 2017). Another 
factor is the unequal distribution of transcription machinery throughout the cells, 
especially the colocalization of transcription factors with the genes they regulate 
(diCenzo and Finan 2017). An in-silico analysis of S. meliloti showed that the 
distribution of transcription factors is biased toward having them on the same 
replicon with the genes they regulate (diCenzo and Finan 2017). A transcriptome 
analysis of V. cholerae, comparing lab conditions to intestinal growth conditions, 
showed that more of the chromid genes are expressed under intestinal 




indicates that some replicons are enriched in genes which are differentially 
regulated during niche adaptation (diCenzo and Finan 2017). 
The uptake of these secondary pieces of DNA may allow for the 
colonization of new environments or niche expansion in its current environment 
resulting in a higher fitness. Studies on several megaplasmids/chromids have 
identified replicon specific regulation patterns, functional biases, and distinct 
evolutionary patterns supporting the idea that these replicons help in adaptation 
to new/unique environments (Chain et al. 2006; Galardini et al. 2013; diCenzo et 
al. 2014; diCenzo and Finan 2017). This supports the inference that the invasion 
or uptake of a secondary element via HGT allows the host to expand to new 
niches. The maintenance of the secondary replicon comes down to an argument 
based on fitness; if the gain of niche specific traits leads to increased benefits 
that outweighs the fitness cost than it is more likely to be kept and vice versa 
(diCenzo and Finan 2017). 
The secondary replicon often carries genes that are critical for host 
colonization and functions as a symbiosis or virulence factor for soil microbes to 
interact with eukaryotic species (diCenzo and Finan 2017). This pattern has been 
observed in many genera with strong associations with eukaryotic hosts, 
including Sinorhizobium, Rhizobium, Agrobacterium, Burkholderia, Cupriavidus, 
Vibrio, Pseudoalteromonas, Azospirillum, Ralstonia, and Prevotella (diCenzo and 
Finan 2017). In-silico work suggests that the genome expansion within lineages 




plants and the evolution of symbiosis (diCenzo and Finan 2017). The genome 
expansions in these genera consisted of the acquisition of transcriptional, 
transport and metabolic functions on secondary replicons (diCenzo and Finan 
2017). This allowed for association with a novel niche or eukaryotic organism, 
followed by environmental adaptation through further gene flow to the secondary 
replicon (diCenzo and Finan 2017). One obstacle to drawing conclusions for this 
sort of comparative analysis is the potential for sampling bias in what species are 
chosen for analysis, and what environmental samples are studied using 
metagenomic tools (diCenzo and Finan 2017). This can lead to a false emphasis 
on a relatively narrow set of organisms (diCenzo and Finan 2017). 
 
Toxin Antitoxin Systems  
Often found on secondary replicons, Toxin Antitoxin systems (TAS) are 
often referred to as “Addiction systems” and have been shown to stabilize 
secondary elements (Magnuson 2007; Unterholzner et al. 2013; Fraikin et al. 
2020). They were initially discovered in E. Coli and have been shown to promote 
the post segregational killing of cells which do not contain the element (Gerdes et 
al. 1986). There are multiple forms of TAS but the general notion is that they 
produce a stable long lived toxin protein and an unstable short lived antitoxin 
(Hall et al. 2017). Currently there are six different classes of TAS which are 
differentiated based on the method it uses to inactivate the toxin (Hall et al. 




binds directly to the toxin to inhibit its function/activity (Fraikin et al. 2020). An 
example of this is the pemIK system which was discovered in a plasmid carried 
by Staphylococcus aureus (Janczak et al. 2020). Several studies into TAS have 
shown their roles in phage defense, Stress response, Antibiotics tolerance, 
virulence, persisted cell formation, anti-addiction, and maintenance of integrated 
mobile genetic elements (Saavedra De Bast et al. 2008; Wozniak and Waldor 
2009; Page and Peti 2016; Wood and Wood 2016; Song and Wood 2018; Ma et 
al. 2019; LeRoux et al. 2020; Song and Wood 2020). Given their large presence 

























Figure 3. Phylogenetic Distribution of Secondary Replicons in Domain 
Bacteria. 
Depiction of 1,708 genomes plotted based on genome architecture. Red 
coloration indicates no megaplasmid(s) or chromid(s), green for megaplasmid(s) 
but no chromid(s), blue for species with chromid(s) but no megaplasmid(s), 
purple for species with both a megaplasmid and chromid(s)  





The explosion in sequence data available in the last few years due to 
high-capacity short read sequencing, and 3rd generation long read sequences 
produced by technologies like Oxford Nanopore and PacBio, allows for whole 
genomes to assembled much more easily. As seen in Figure 3, it appears that 
~10% of bacteria have multipartite genomes where the bacterial genome is split 
between two or more large DNA fragments (diCenzo and Finan 2017). This 
architecture is prevalent in the genera Brucella, Vibrio, and Burkholderia and is 
important to many organisms including plant symbionts like nitrogen-fixing 
rhizobia, and pathogens that colonize plants, animals, and humans (diCenzo and 







Multipartite genomes are distributed across the domain Bacteria but there 
are many clear clusters within a number of phylogenetic groups, including the 
Burkholderiales as seen in Figure 4 (diCenzo et al. 2014). An outlier in Figure 4 
Figure 4. Phylogenetic Dispersion of Chromids and Megaplasmids in Order 
Burkholderiales 
Showing the presence of secondary replicons within the Order Burkholderiales. 
Of particular interest to this study is the outlier Variovorax paradoxus. 




is Variovorax paradoxus which is a metabolically diverse, aerobic, ubiquitous 
gram negative betaproteobacteria (Satola et al. 2013). This species has been 
studied because it contains isolates that are hydrogen oxidizers and plant growth 
promoters, as well as strains involved in quorum quenching and bioremediation 
(Satola et al. 2013). The G+C content of their genomes is between 66.5-69.4% 
with optimal growth temperatures of around 30°C (Satola et al. 2013). The genus 
Variovorax belongs to a group of bacteria referred to as plant growth promoting 
rhizobacteria (PGPR) (Belimov et al. 2005; Belimov et al. 2009; Han et al. 2011). 
Rhizosphere Variovorax use mechanisms of auxin synthesis and ethylene 
degradation to promote root development (Finkel et al. 2019 May 23) and are key 
determinants of bacteria-plant communication networks in complex model 
communities (Finkel et al. 2019 May 23). Members of this genus are common 
inhabitants of soil and water with several strains isolated from polluted 
environments due to their ability to resist toxins and degrade complex organic 
compounds (Satola et al. 2013).  
 Multiple members of this genus have taken up and maintained large 
pieces of DNA, creating an extensive heterogeneity within the clade (Carbajal-
Rodríguez et al. 2011; Han et al. 2011). The chromosomes of these species 
show high synteny when aligned on a dotplot but their secondary replicons show 
little to none (Ne Ville et al. 2019 Jul 12). This implies that the primary 
chromosomes are highly conserved, and that the secondary replicons have been 




replicon is present within V. paradoxus S110 and V. paradoxus B4 (Carbajal-
Rodríguez et al. 2011; Han et al. 2011) with several indicators it may be a 
chromid. V. paradoxus S110 was isolated from the interior of a potato plant 
grown and enriched based on its ability to degrade acyl-homoserine lactones 
(AHLs), bacterial signaling molecules used in quorum sensing (Han et al. 2011). 
An isolate identified as V. paradoxus B4, from the soil under mesophilic, aerobic 
conditions, was enriched due to its ability to degrade mercaptosuccinate 
(Carbajal-Rodríguez et al. 2011). Both of these strains of Variovorax paradoxus 
have taken up and maintained a secondary replicon which the authors identified 
to be a second chromosome, but is likely a chromid based on recently adopted 












The taking up of a secondary piece of DNA is a rare and represents a 
change in phylogenetic characteristics. The genus Variovorax is currently 
classified into 6 species, as seen in Figure 5 (Satola et al. 2013), each 
possessing diverse metabolic abilities (Satola et al. 2013). Looking at the genus 
Variovorax, there is some contention on the NCBI and GTDB databases in the 
identification of these organisms classified as V. paradoxus versus those that are 
not classified to the species level. Classification is usually based on one or more 
of the following: 16S sequence comparison, genome wide conserved gene 
Figure 5. 16s Phylogenetic Tree of Variovorax 
16S phylogenetic tree depicting 6 classifications of Variovorax. 





comparison, Average Nucleotide Identity (ANI), or in-silico DNA-DNA 
hybridization.  
The method shown in Figure 5 is a ribosomal 16S tree still commonly used 
today, but it has a limitation based on the assumption that changes in this 
sequence are consistent with larger changes in genome architecture such as the 
uptake of a plasmid or large recombination events. The 16S sequence is most 
commonly found on the primary chromosome, is often found in multiple copies, 
and is even sometimes variable in sequence within a single isolate (Větrovský 
and Baldrian 2013). Utilizing only this gene for phylogeny can obscure changes 
found elsewhere in the genome, and limits the amount of phylogenetic distance 
that can be examined.  
Average Nucleotide Identity (ANI) is another method that can be used to 
investigate phylogenetic relationships (Jain et al. 2018). ANI is a measure of 
nucleotide similarity between the coding regions of two genomes; an ANI score 
of 95-96% is considered the same species (Jain et al. 2018). As genome 
sequencing has become easier and cheaper, an issue on the NCBI database has 
developed where approximately 40% of all organisms are lacking species 
designations. The GTDB database tried to correct this when it was created (Tang 
2020) by clustering 194,600 genomes into 31,910 clusters primarily using 
commonly accepted ANI criteria to set bounds on species and to propose 
species clusters (https://gtdb.ecogenomic.org/) (Tang 2020). On the GTDB 




suggesting that Variovorax paradoxus phylogeny may need to be reevaluated 
(Tang 2020). The diversity of secondary replicons in this group may be a 
complicating factor in this analysis. 
Another type of phylogenetic tree uses multiple highly conserved genes 
which are usually only found as a single copy, often referred to as a marker 
based phylogenetics. A tree of this type was constructed using the available 
assemblies in the genus Variovorax. This tree constructed using this method is 
consistent with the GTDB database construct that suggests Variovorax 
paradoxus is not one homogeneous species. Many of the isolates that are 
classified as V. paradoxus are scattered throughout the phylogenetic tree and do 
not clade well together. Within Variovorax there are isolates that have a single 
chromosome and others with a multipartite genome, and several of those that 
contain the multipartite genomes seem to clade together. This observation leads 
to the question of whether the genus Variovorax can be subdivided based on the 
nature of the secondary replicons present. 
 
Thesis Statement  
 Several strains of Variovorax have taken up large pieces of DNA and 
maintained them as secondary chromids. These replicons show evidence of 
acquisition through horizontal gene transfer as either a plasmid or megaplasmid, 
including the presence of a plasmid origin of replication (ori), plasmid gene 




of optimal codon usage), tetranucleotide frequency, and dinucleotide relative 
abundance. The secondary chromids have allowed for new phenotypes to 
develop and may have been actively selected for by niche expansion. Taking up 
large pieces of DNA is a rare event and represents a change in phylogenetic 
characteristics, which is overlooked when creating a phylogeny based around the 
16S gene that is often on the primary chromosome, or when using only 
conserved genes for phylogeny. I hypothesize that multiple 
plasmids/megaplasmids have been taken up by Variovorax and fixed within 
the population through gene flow of core genes from the primary 
chromosome to plasmid, requiring the cell to maintain the secondary 
chromid to survive. I further hypothesize that the ability to take up 
extrachromosomal elements is variable between strains, and that it is 
dependent on factors within the primary chromosome. I divided my project 
into two specific aims. Aim 1 was to sequence and assemble 17 strains of 
Variovorax to build an accurate phylogenetic tree based around whole genome 
analysis instead of a single gene (Figure 15), and annotate the genomes to 
characterize the genes that are on the secondary chromid. With many Variovorax 
Illumina draft genomes available on the NCBI database, we generated 3rd 
generation long read sequences to complete these genomes using hybrid 
assembly. Aim 2 evaluated the ability of the organism to maintain secondary 
replicons between isolates that have a single chromosome and ones that 




was correct, the plasmid would have be maintained at a higher frequency in the 
absence of selection in the strain that contains a second natural replicon, even if 
this strain has a larger total genome. 
 
 Specific Aims 
Aim 1  
Investigations into bacterial genome structure have shown that 10% of all 
bacteria contain a secondary replicon, providing a genetic reservoir involved in 
widespread influence of mobile elements. The genus Variovorax has shown an 
extensive heterogeneity in genome architecture with several isolates containing 
combinations of plasmids, megaplasmids, and chromids. In the classic models of 
multipartite genomes, such as Burkholderia and Vibrio, genomes when 
compared to one another have high synteny in both replicons, showing that the 
uptake and maintenance of a large secondary replicon is rare. Variovorax has 
high synteny in its chromosome, but its secondary replicon shows limited 
synteny, suggesting multiple uptake events and a relatively high rate of invasion. 
Data comparing these replicons form clusters when plotted (Figure 5 vs Figure 
15, and Figure 16), suggesting that the uptake of a secondary replicon is a 
phylogenetically important event in this group. Using available Illumina data on 
the NCBI database, we have completed these assemblies using 3rd generation 
sequencing methods on 17 members of this genus, we have sequenced, 




the diversity of elements. Using several in house scripts we extracted G+C 
contents, SCOU, DRA distance and replicon size (Figures 10-13) from each 
individual replicon assembled in this project. Using this data 9 chromids, 7 
megaplasmids, 2 plasmids (Table 2), and an integrated megaplasmid (Figure 9) 
were identified using genomic frequency characteristics. This was followed by 
ANI analysis of the completed genomes vs each other, allowing us to build an 
ANI cluster map from the ANI matrix (Figure 14, Figure 15). A marker based 
phylogenetic tree was then constructed using maximum-likelihood (Figure 16). 
Aim 2. 
Given the evolutionary pattern seen in Aim 1, we were interested to find 
out if the high levels of heterogeneity present in Variovorax are due to factors 
controlling secondary replicon maintenance present within the primary 
chromosome. We used an experimental approach to test for a differential ability 
to maintain secondary elements between Variovorax isolates. To study this, we 
utilized a pRU1105 and pBBR5pemIKpBAD vector both of which carry an 
antibiotic resistance marker (gentamycin) and an unused pBAD expression 
system while the pBBR5pemIKpBad plasmid also carries a pemIK TA system. 
This vector was introduced into two well characterized Variovorax isolates (EPS 
and VAI-C) with different genome architectures (EPS: Single Chromosome, VAI-
C: Chromosome, Chromid and Plasmid) via electroporation and selected on 
plates containing the appropriate antibiotic concentration. This simulated the 




the absence of antibiotic selection and passaged over 16 days under differential 























CHAPTER TWO                                                                                          
MATERIALS AND METHODS 
 
Specific Aim 1 
 Nine Variovorax isolates were acquired from Jeff Dangl at the University of 
North Carolina at Chapel Hill, two from Jared Leadbetter at Caltech, One from 
Kostas Konstaninidis at Georgia Tech, and four from the Noble Research group 
(Table 1). Three additional isolates were already present in the Orwin lab 
collection (Table 1). 
 
 
Table 1. Variovorax Sequencing Project 







































































































CSUSB P. Orwin Lab Sequenced 
Data obtained 









VAI-C Jared Leadbetter Sequenced 
Data obtained 













ATCC-17713 Jared Leadbetter Sequenced 
Data obtained 






































































Genomic DNA Isolation 
 The protocol is based on the Bacterial genomic CTAB DNA isolation 
protocol suggested by the Department of Energy’s (DoE) Joint Genome Institute 




Cultures were streaked out on an agar plate (1.5% w/v) containing 5 g/L yeast 
extract (YE) from a -80oC glycerol stock and allowed to grow for 2 days in an 
incubator at 27oC. An isolated colony was then used to inoculate a culture in 10 
mL YE broth. The cells were grown into log phase on a shaking incubator at 
30oC as determined by optical density (OD600=~0.4-0.7). A 5 mL aliquot of the 
cells were centrifuged at 17,000 x g for 10 minutes and the culture fluid was 
decanted and discarded. The cell pellets were placed in a -80 oC freezer until it 
was time for DNA extraction. Cell pellets were thawed on ice and resuspended in 
1x TE (10mM Tris and 1mM EDTA, pH 8). The JGI-DOE bacterial genomic DNA 
isolation using CTAB protocol (William et al. 2012) was followed with the 
following modifications. After incubation for 30 minutes at 37 oC, 20 µL RNAse 
was added to the solution. In order to denature the copious exopolysaccharide 
produced by many Variovorax isolates, after the addition of the 10% SDS and 
Proteinase K the cells were incubated at 57 oC overnight. The salt precipitated 
lysate was extracted with two phenol:chloroform:isoamyl alcohol, and the 
extracted again with two chloroform:isoamyl alcohol extractions. After the second 
extraction the aqueous layer was removed and placed into a tube on ice 
containing ice-cold of absolute ethanol and 1/10th the volume of 3M ammonium 
acetate. The tube was stored at -20°C overnight to allow for DNA precipitation. 
The next day the tip of a glass capillary tube was melted to form a hook and the 
precipitated DNA was removed from solution. The DNA was submerged in 70% 




pellet was scraped into a 1.7mL centrifuge tube along with 1 mL of freshly made 
70% ethanol followed by centrifugation at 4°C at 17,000 x g for 10 minutes. The 
supernatant was removed, and the tube was dried in a heated DNA speed-vac 
set to medium speed for 10 minutes. The isolated genomic DNA was 
resuspended in 100 µL of 1x Tris (10mM Tris pH 8.0) and heated at 37°C for 10 
minutes to resolubilize for sequencing. When necessary, DNA pellets were 
stored in a -80°C freezer as a precipitate under absolute ethanol and 1/10th the 
volume of 3M ammonium acetate until sequencing. Prior to library preparation 
the DNA was analyzed on a Nanodrop (Fisher) to ensure that the 260/280 ratio 
was between 1.8-2.0 and the 260/230 ration was between 2.0-2.2. A 26-gauge 
needle was then used to shear the DNA into approximately 4kb fragments before 
library preparation. The same genomic DNA preparation was used to generate a 
250-300 bp library with Nextera DNA Flex LPK kit, which was sequenced in the 
Illumina iSeq platform (2x150 bp) for Variovorax paradoxus VAI-C, and 
Variovorax paradoxus ATCC-17713. Short read data for Variovorax sp. CSUSB 
was obtained from a separate genomic DNA preparation using the FastDNA Spin 
kit for Soil (Solon, OH) and sequenced on the Illumina MiSeq platform (500-600 
Library fragment size using the Nextera XT kit, 2x250 reads). 
Library Preparation for Illumina Sequencing 
 Nextera DNA Flex Library protocol was then followed with no deviations 






Sample Quantification and Illumina, iSeq 100 Library Preparation 
Samples were quantified on a Qubit using a dsDNA fluorescent dye 
methodology (dsDNA HS assay). The samples were run on the iSeq 100 
following standard Illumina setup and loading protocols with the addition of a 5% 
phiX spike in as a control. To see which samples where sequenced using this 
method see Table 1. 
Library Preparation for Oxford Nanopore Sequencing 
 The standard SQK-RBK004 library preparation protocol was followed with 
no deviations from the protocol. To see which samples where sequenced using 
this method see Table 1. 
MinION Sequencing 
 The MinION with a MIN-106 flowcell was connected to a computer via 
USB 3.0 and the MinKnow GUI started. The 9.4.1 flow cell was then selected 
along with the kit being used (SQK-RBK004) followed by our parameters for 
directory size. Active pores were checked in the MUX scan and at the end of the 
Flow Cell Check. Once the temperature of the device had warmed up to 34°C the 
sequencing run was started. During the initial few hours of the run the pore 
occupancy, read length histogram, and quality score was monitored as seen in 
Figure 6. The sequencing run was left to run for 24 hours after which it was 











 The raw Nanopore data was basecalled using Guppy (v2.3.1) 
configuration r9.4.1 Flip Flop (later High-Accuracy Basecalling), running on 
standard configuration. MinION reads were demultiplexed in Deepbinner (Wick et 
al. 2018) and Guppy with the agreed upon reads adapters removed with 
Porechop (v0.2.4) (Wick et al. 2017a). Quality control of the long reads was done 
by running the reads in Filtlong (v0.2.0) (GitHub - rrwick/Filtlong) using the 
Illumina data as an external reference to throw out low identity reads and 
barcodes that slipped through the demultiplexing process. For the Illumina data 
Figure 6.  Oxford Nanopore Sequencing Run  
Showing the start of a MinION run, in the MinKnow software package (Linux). 
The image on the left shows an active run monitoring active pores, while the 





FastQC (v0.11.8) was used for quality assessment of this data (Andrews) and 
trimming was performed in Trimmomatic (0.38.0) (Bolger et al. 2014). With this 
tool the IlluminaCLIP procedure was used to remove any remaining sequence 
adaptors/barcodes, the first 20 nucleotides were cropped off each read 
(HEADCROP), and the last five were also removed (TRAILING), leaving a mean 
length distribution of 126 bp. Short read data from the Dangl lab strains was 
provided by Dangl Lab University of North Carolina at Chapel Hill, while short 
read data pertaining to KK3 and the Noble group strains were obtained from 
publicly available records on the JGI website. Assemblies were created using a 
hybrid approach in Unicycler (v0.4.8.0) (Wick et al. 2017b) utilizing default 
parameters without references on the North America Galaxy Hub 
(http://usegalaxy.org) (Afgan et al. 2018). For any assembly which did not 
circularize in Unicycler, Nanopore reads were aligned to the area of discontinuity 
using Minimap2 (v2.20) (H 2018) to create a .sam file. Samtools (v1.12) (Li et al. 
2009; Danecek et al. 2021) was used to sort/index the file into a .bam file which 
could be viewed in IGV (v2.10.0) (Thorvaldsdóttir et al. 2013). Using Samtools 
reads which aligned to the area of discontinuity were extracted to a fastq file. 
This fastq file was then used in Bandage to create a BLAST bin to confirm they 
spanned the gap. This bin was used to create a consensus read in ALFRED 
(v.0.2.3) (Rausch et al. 2019). 
Initial annotation was performed by uploading the assembly to Rast.org 




assemblies along with the raw data were then submitted to the NCBI database 
which uses DOE-JGI Microbial Genome Annotation Pipeline prior to making the 
assemblies available to the public. 
Data Availability  
The assemblies and raw data have been uploaded to the NCBI database. 
Variovorax sp. CSUSB can be found at PRJNA593854, SAMN13494298, 
assembly CP046622. Raw read data can be found at SRR10662237-40. 
Variovorax paradoxus VAI-C can be found under BioProject number 
PRJNA667957, BioSample number SAMN16392950, and assembly numbers 
CP063166 through CP063168. The read data can be found under SRA 
accession numbers SRX9260397 and SRX9260396, including demultiplexed 
fastQ files with the barcodes removed for the MinION runs and paired fastQ files 
for the Illumina iSeq. Fastq and Fast5 for the other samples are available on 
request but will be released on final publication. 
Core Gene Identification 
 Core genes in the secondary replicon were identified by taking 
Betaproteobacteria 203 gene .hmm file from GtoTree (v.1.5.44) (Edgar 2004; 
Capella-Gutiérrez et al. 2009; Eddy 2011; Hyatt et al. 2012; Tange 2018; Lee 
2019) and using it as a base for a HMMER3 (v.3.3.2) (Eddy 2011) search. The 







The dotplot used in Figure 9 was constructed on rast.org (Brettin et al. 
2015) using the nucleotide comparison tools by aligning the two genomes 
NFACC27 and NFACC29. 
Secondary Replicon Identification: 
 Secondary replicons found within the genome assemblies were classified 
as a chromid: if the distance in percent G+C were within 1% of the chromosome, 
and the DRA distance was within 0.4% of the chromosome. While SCOU was 
also calculated there were no current standards found in current literature for 
differentiating between replicon types based on this data. Replicons that did not 
meet this requirement were classified as either megaplasmid or plasmid based 
on current standards of size. 
Percent G+C Content 
 G+C content in Figure 10 was calculated for all completed assemblies 
using an in-house script which utilized the SeqinR package (v4.2-8) (Charif and 
Lobry 2007) in R which counted the frequency of all bases on the Chromosome 
and the secondary replicon. The Secondary replicon was then subtracted from 
the Chromosome. Variovorax has relatively high G+C contents so all 
Chromosomes had higher G+C contents than the secondary replicons. Graphing 






Size of Secondary Replicons 
 Sizes of the secondary replicons in Figure 13 was calculated for all 
completed assemblies using an in-house script which utilized the SeqinR 
package (v4.2-8) (Charif and Lobry 2007) in R which counted available bases on 
the secondary replicon and then sum all bases together. Graphing of this data 
was done in R in the package ggplots2 (v3.3.4) (Wickham 2009). 
Dinucleotide Relative Abundance 
 Dinucleotide relative abundance (DRA) in Figure 11 was calculated for all 
completed assemblies using an in-house script which utilized the SeqinR 
package (v4.2-8) (Charif and Lobry 2007) in R. It used a two-frame sliding 
window to count all 16 DRA combinations present in the Chromosome and 
secondary replicons. The 16 DRA frequency counts where then divided by the 
total number of times they occurred on that genomic piece. Using the count 
function, calculate the frequency of A, T, G, and C that occurred for the same 
replicon. This data was used to calculate the expected frequency for each 
dinucleotide by multiplying the applicable frequency. The observed value was 
then divided by the expected values for each replicon. The absolute difference 
between the 16 dinucleotides between the Chromosome and the Secondary 
replicon was calculated. The sum of those differences was used to represent the 
final DRA distance. Graphing of this data was done in R in the package ggplots2 





Synonymous Codon Usage Order (SCUO) 
Synonymous Codon Usage Order (SCUO) in Figure 12 was calculated for 
all assemblies using the R package coRdon (v1.8.0) (Elek et al. 2021). The 
calculated values for the Chromosome was subtracted from the secondary 
replicon to the SCUO Distance. Graphing of this data was done in R in the 
package ggplots2 (v3.3.4) (Wickham 2009). 
ANI 
Average Nucleotide Identity (ANI) in Figure 15 is a measure of nucleotide 
genomics similarity between 1000 bp regions of two genomes (Jain et al. 2018). 
To calculate ANI Best Bidirectional Hits (BBHs) are calculated between genome 
pairs pairwise, the highest hits on nSimScan having 70% identity and at least 
70% coverage of the shorter of the two genes (Varghese et al. 2015). Since this 
method replies on the identification of areas of similarity between genomes, gene 
fragmentation caused by errors or sequencing artifacts can distort both values 
(Varghese et al. 2015). The ANI calculator used was from the Kostas lab from 
Georgia Tech (Rodriguez-R and Konstantinidis 2016) and the Figure 15 was 
built from ANI data in Figtree (v1.4) (Rambaut et al. 2018) using the data from 
the ANI cluster matrix. 
Marker Based Phylogenetic tree 
 To construct Figure 16 all strains were ran through GoTtree (v.1.5.54) 
(Edgar 2004; Capella-Gutiérrez et al. 2009; Eddy 2011; Hyatt et al. 2012; Tange 




class Betaproteobacteria in each genome. It ran an alignment for each one of 
these genes across all genomes, the alignment file generated from this program 
was used to construct a Phylogenetic tree in FastTree (v2.1) (Price et al. 2010) 
using the maximum-likelihood, Figure 16 was then modified in Figtree (v1.4) 
(Rambaut et al. 2018). 
 
Specific Aim 2 
 This protocol is based loosely around Richard Lenski’s LTEE as a 
framework for this experiment (Lenski et al. 1991). E. coli stocks containing the 
plasmids pRU1105 and pBBR5pemIKpBAD were streak out from a -80 oC stock. 
They were grown in a 37 oC incubator for 1 day on LBgent10 plates (10 µg/mL 
gentamicin). A single colony from each plate was used to inoculate 5mL of LB 
broth and grown over night in a shacking incubator at 37 oC. Using the Promega 
Wizard™ Plus SV Minipreps DNA Purification System both plasmids were 
extracted. The DNA was analyzed on a Nanodrop (Fisher) to ensure that the 
260/280 ratio was between 1.8-2.0 and the 260/230 ration was between 2.0-2.2 
then were stored at -20 oC. Variovorax paradoxus EPS and Variovorax 
paradoxus VAI-C were streaked out on an agar plate (1.5% w/v) containing 5 g/L 
yeast extract (YE) from a -80oC glycerol stock and allowed to grow for 2 days in 
an incubator at 27oC. An isolated colony from each was then used to inoculate a 
culture in 10 mL YE50 (2.5 g/L YE) broth. The cells were grown into log phase on 




These tubes were used to inoculate a 100mL broth flask of YE50 which was 
placed on a shaking incubator at 30oC. These cells were grown until the OD546 
was between 0.3-0.5, after the cells were split into 50mL falcon tubes and 
centrifuged at 7000 x g for 15 mins at 4 oC. The supernatant was decanted and 
discarded while cells were resuspended in 40mL of stile ice cold 300mM 
sucrose. The cells were centrifuged as previously described with the supernatant 
decanted again but resuspended in 20mL of stile ice cold 300mM sucrose. This 
process was repeated once more but with the final resuspension being in 400µL 
of stile ice cold 300mM sucrose. During this process if the cells were not being 
centrifuged or worked with, they were kept on ice the entire time to keep them 
cold. The cells were then placed on ice for 30minutes along with EC2 gap 
cuvettes (200mM). The stocks of both pRU1105/pBBR55pemIKpBAD plasmids 
were brought out from the -20 oC to thaw. While the cells were on ice the 
Electroporation apparatus was warmed up with the machine being set to EC2 
and the voltage set to 1.80kV. For both EPS and VAI-C 100uL of cells were 
placed in EC2 gap cuvettes with 2 µL of either pRU1105/pBBR55pemIKpBAD. 
The samples were mixed by gentle pipetting followed by gentle flicking to ensure 
the samples were mixed properly. The contact points on the EC2 gap cuvettes 
were wiped down with a Kimwipe to remove any ice or water. The EC2 cuvettes 
were then placed into the Electroporation apparatus followed by activating the 
machine to deliver the pulse. The cells were then placed in 400µL of YE50 broth 




electroporation mixture was spread onto YE + 50 µg/mL or 70 µg/mL Gentamycin 
(YE-Gm) (for EPS 70 µg/mL was used and 50 µg/mL for VAI-C) plates and 
incubated at 27 oC for 2 days. 
Plasmid Verification 
 After 2 days of grown, several colonies from each plate (EPS+ pRU1105, 
EPS+pBBR5pemIKpBAD, VAIC+pRU1105, VAIC+ pBBR5pemIKpBAD) were 
selected at random and used to inoculate 5mL of YE broth. These were placed in 
a 30 oC shaking incubator overnight. Using the Promega Wizard™ Plus SV 
Minipreps DNA Purification System all 4 samples plasmids were extracted, cut 
with SpeI and 10µL of each of the linearized samples plus 2µL of loading dye ran 
on a .8% (w/v) agarose electrophoresis gel. Organisms verified to contain the 
plasmid (see Figure 7), were grown overnight in 5mL of YE broth to create -80 










Experimental Evolution Passaging 
 Base stocks for Variovorax paradoxus EPS (+pRU1105, 
+pBBR5pemIKpBAD) were streaked out on an YE-Gm plates and incubated at 
27oC for 2 days as EPS showed a higher innate resistance to gentamicin. Base 
stocks for Variovorax paradoxus VAI-C (+pRU1105, +pBBR5pemIKpBAD) were 
streaked out on YE-Gm plates and incubated at 27oC for 2 days. An isolated 
colony from each was then used to inoculate a culture of appropriate YE-Gm that 
was incubated in a shaking incubator at 30 oC overnight. The overnight was to 
inoculate 5 tubes for each of the 4 experimental groups: 1 control containing 5mL 
Figure 7. Experimental Evolution Plasmid Verification 
Variovorax paradoxus VAI-C (left) and Variovorax paradoxus EPS (right) 
showing the plasmids extract are the right size/length, in Lane 1: 1KB ladder, 
Lane 2: pRu1105 plasmid control, Lanes 3-5: pRU1105 Experimental 
plasmids extract from Variovorax, Lanes 6: pBBR5pemIKpBAD control, 






YE-Gm and 4 experimental tubes of 5mL YE. The 20 tubes were placed in a 
shaking incubator at 30 oC overnight, the next day each tube had its OD546 
measured. This was followed by taking 100µL from each tube and inoculating 
5mL of fresh YE broth (for controls YE-Gm broth was used), this was done daily 
for each of the 20 tubes daily for 16 day(s). On day(s) 1,4,7,10,13,16 serial 
dilutions (1/10) were made for each tube in a 96 well plate. A 10 µL multichannel 
pipette was used to create replica plates by taking 6 of the dilutions (for example 
EPS+pRU1105 dilutions 3-8) and plate them on a YE and a YE-Gm plate. On 
each replica plate 5µL droplets were placed in 5 rows of 6 dilutions each. These 
plates were placed in a 27 oC incubator for 2 days then the lowest dilution that 
contained between 1-30 colonies was counted and its dilution recorded. On days 
0, 5,10 and 16, 1.5mL were taken from the each of the 20 tubes and used to 











 During the 16-day passaging each day the OD546 of each 
experimental/control was taken. Graphing of Figure 17 was done in R in the 
package ggplots2 (v3.3.4) (Wickham 2009). 
 
 
Figure 8. Overview of Experimental Evolution Project 
An overview of the Experimental Evolution Passaging for the 4 samples. 
Showing how the samples were handled after electroporation, including the 16-






 On days 1,4,7,10,13 and 16 the controls/experimentals were replica plated 
on both YE and YE-Gm. The counts from the YE were divided by the ones from 
YE-Gm to get the percent plasmid retention for each group. Graphing of Figure 




















CHAPTER THREE                                                                                   




 For the 17 completed assemblies, the fasta files for each individual 
replicon was extracted for further analysis. Included in our data analysis were the 
genomes of Variovorax paradoxus B4 and Variovorax paradoxus S110 due to 
changes in nomenclature since they were published to the NCBI database. 
Based on replicon size and genomic signatures, all secondary replicons were 
identified in Table 2. 
Included in the information in Table 2, are the core genes identified on the 
secondary replicons. Strain Variovorax paradoxus 110B was identified via 
genomic frequency characteristics as being a chromid, but no core genes were 
identified on the secondary replicon. This might be because this replicon has 
more recently transitioned into a chromid, and a core gene has not been 
transferred over yet. An alternative explanation is that the annotation software at 
the time was unable to detect the core gene(s) present on the secondary 
replicon. In all of the genomes surveyed, none of the core genes found on the 







Table 2. Assembled Genomes and Core Genes 
Species name Replicon Type Name of Core Gene Present 
on secondary replicon 
Variovorax paradoxus 
4MFCol3.1 
Chromid 1. DHQ synthase 
2. OMPdecase 
3. Peptidase A8 
Variovorax paradoxus 110B Chromid None 
Variovorax sp. 160MFSha2.1 Megaplasmid 1. Peptidase A8 
Variovorax sp. 278MFTsu5.1 Megaplasmid 1. OmpH 
2. Peptidase A8 
Variovorax paradoxus 
295MFChir4.1 
Chromid 1. DHQ synthase 




Chromid 1. DHQ synthase 
2. Peptidase A8 
 




Chromid 1. DHQ synthase 
2. Peptidase A8 
Variovorax sp. 375MFSha3.1 Megaplasmid 1. OmpH 
2. Peptidase A8 
Variovorax paradoxus CSUSB Single 
Chromosome 
 
Variovorax paradoxus VAI-C 1 Chromid and 1 
Plasmid 
Chromid: 
1. Histidinol dh  
2. MltA 





Chromid 1.Peptidase A8 
 
Variovorax sp. KK3 Plasmid 1.Porphobil deam 
Variovorax sp. NFACC26 Megaplasmid 1. Histidinol dh 
 
Variovorax sp. NFACC27* Single 
Chromosome 
*Likely integration event of a 
Megaplasmid into the 
Chromosome 
Variovorax sp. NFACC28 Megaplasmid 1. Histidinol dh 
 














From the assembled genomes there were 18 secondary replicons 
identified as 9 chromids, 7 megaplasmids, and 2 plasmids. While Variovorax sp. 
Figure 9. NFACC27 Megaplasmid Integration Event 
Depicts the nucleotide alignment between NFACC27 (Y axis) and 
NFACC29 (X axis). This illustrates the integration of the NFACC27 





NFACC27 did not contain an obvious secondary replicon, there is evidence to 
suggest an integrated megaplasmid. The integration site was identified by using 
closely related organism’s (NFACC26, NFACC27, NFACC29) megaplasmids to 
BLASTn search the chromosome. To verify the integration site, both Nanopore 
and Illumina reads were aligned to see if there were reads that spanned from the 
chromosome, over the integration site and to the megaplasmid. There were short 
and long reads that spanned from the chromosome onto the megaplasmid, 
suggesting that this was not an artifact of sequencing or an assembly error. To 
further show this point the dotplot in Figure 9 was constructed between 
NFACC27 and NFACC29, we can see the inversion designating the 



















Figure 10. Percent G+C Differences between Replicons 
Depicts the difference in percent G+C content of replicons sequenced in this 
work. For each type of secondary replicon, percent G+C was compared against 
the primary chromosome of the organism. The sample size for this graph is 9 




The ΔG+C contents of plasmids (mean= 6.07 +/- 2.89) are more broadly 
distributed, while the megaplasmids (mean=2.75 +/- 0.18) and chromids 
(mean=.80 +/-.28) were distributed more narrowly (Figure 10). The chromids and 
megaplasmids cluster together with themselves, but there is still stubstanial 




chromosomes where always higher than those of the secondary replicons. This 
is consistent with larger studies where the G+C contents of plasmids are usually 
lower than the chromosomes, even in gammaproteobacteria and spirochaetes 
which has overall very low G+C contents (Harrison et al. 2010). This does imply 
that the lower G+C content is not just because they are foreign DNA or more/less 
recently aquired (26). It is likely that the secondary replicons have an intrinsically 























Figure 11. Dinucleotide Relative Abundance Distance between Replicons 
Depicts the DRA distance for each replicon in this work. DRA was calculated, 
between the chromosome and the secondary replicon and differences between 
the two are shown. Lower DRA distance indicates that the secondary replicon is 
more similar to that of the chromosome. The sample size for this graph consisted 




DRA values have been shown to be reflective of bacterial phylogeny, and 
thus comparing the DRA values of secondary and primary replicons can correlate 
to evolutionary distance. Within Figure 11, the DRA distance follows a similar 




broad distribution while the megaplasmids (mean=.39 +/-0.017) and chromids 
(mean=.33+/-.05) cluster together more narrowly. The difference between 
plasmids and chromosomes is considerably larger than that of the 
chromid/megaplasmid. While the DRA values of the chromids/megaplasmids are 
more similar to that of the chromosome. There is some overlap between that of 
the chromids and megaplasmids. This shows that over evolutionary time the 
secondary replicons are ameliorating their DRA values to that of the 
chromosome. When transitioning to megaplasmids followed by chromids, the 





















Figure 12. Synonymous Codon Usage Order between Replicons 
Depicts the difference in SCUO between the secondary replicon and 
chromosome. Higher SCOU values indicate high codon usage biases. The 
sample size for this graph consisted of 9 chromids (red), 7 megaplasmids (green) 




Synonymous codon usage order values can be influenced by both 
evolutionary history and environmental factors related to the process of 
translation. The SCUO values observed follow the previous two patterns (G+C 




while the megaplasmid (mean=.027 +/- .002) and chromid (mean= .0099 +/-.002) 
cluster together (Figure 12). This indicates that the chromids and megaplasmids 
are more closely associated with the chromosome, implying that they have spent 
a longer time ameliorating within their host. While we see a larger divergence 
with megaplasmids, we do see partial amelioration with the chromosomal values. 
Some of the plasmids though have a much larger divergence than either 
chromids or megaplasmids suggesting they have spent less time within their 
host. 




Figure 13. Length of Secondary Replicon Comparison 
Depicts the size distribution of the secondary replicons sequenced in this work. 
For each type of replicon, the count() feature was used to count the number of 
“A”, “T”, “G” and “C” present in the secondary replicons. The sample size for this 








The size distribution of the secondary replicons is shown in Figure 13. 
The smallest chromid is at least twice the size of the largest megaplasmid. This 
supports the idea that there is a large expansion of the megaplasmid as it 
transitions into a chromid. While the plasmids and megaplasmids cluster 
together, there is a considerable gap in size between the largest megaplasmid 
and the smallest chromids. Looking at the patterns shown in Figures 10-12, we 
observe that as the replicon increases in size, the G+C content, DRA and SCOU 
start to ameliorate with that of the chromosome, this is a pattern that is consistent 
across the 3 genomic frequencies characteristics.  
What we have observed in this genomic frequency signature data that 
there is a pattern of evolution where a plasmid is picked up by the organism and 
over evolutionary time, there is expansion of the replicon in size through 
acquisition of mobile elements and interreplicon transfer. As this process goes 
on, the secondary replicons’ genomic frequency characteristics regress toward 
the primary replicon. The mechanisms underlying this process of amelioration to 
the primary chromosome likely include interreplicon transfer, selection for 
improved translation efficiency and mutation biases of cellular machinery. Some 
of the regression we are seeing may be the result of selection forces acting to 




of bulk DNA loss of the secondary replicon. Helping to integrate the new 
functions the secondary replicon brings into existing transcriptional/biochemical 
pathways.  




Figure 14. ANI Cluster Matrix 
The ANI of the genomes assembled in this project along with several other key 
Variovorax. Included in this matrix is Variovorax Boronicumulans J1 (species 
outgroup) Comamonas (genus outgroup) which both function as outgroups. This 








Figure 15. ANI Cluster Map 
ANI cluster matrix built from the ANI data matrix with cells containing chromids 
(red), megaplasmids (green), plasmids (blue), and both a chromid/plasmid 
(purple). It is important to note that an ANI cluster matrix is not that same as a 
phylogenetic tree. Those not highlighted do not contain a secondary replicon or 
function as an outgroup as is the case with Boronicumulans J1 (species 




We used pairwise ANI across all of our strains to evaluate relatedness 
(Figure 14). There are several organisms classified as V. paradoxus that fall 
below the species delineation cutoff at 95-96% when compared to other 
organisms classified as being in this species (EPS, VAI-C, B4). The cluster map 




within the genus is murky. Figure 15 shows that many of the organisms which 
were previously listed do not cluster well with the others of their species. We 
further observe from this data that the organisms carrying similar replicon types 
do cluster together. Figure 15 shows that the genomic architectural diversity 
observed is likely from multiple different HGT events and not a single HGT event 
and diversification. These last two points are further reinforced by the marker 
based phylogenetic tree in Figure 16, where there is similar clustering in the 
phylogenetic tree to that of ANI cluster map in Figure 15. This suggests as we 
theorized that there is a likely connection between the uptake of a secondary 




















Figure 16. Marker Based Phylogenetic Tree Built using Maximum 
Likelihood 
Marker based phylogenetic tree was built with 203 genes from a 
Betaproteobacteria .HMM3 file. With cells containing a chromids (red), 
megaplasmids (green), plasmids (blue), and both a chromid/plasmid (purple). 
Those not highlighted do not contain a secondary replicon or function as an 





Given the evolutionary pattern seen in Aim 1, I was interested to find out if 
the high levels of heterogeneity present in Variovorax are due to factors 




chromosome. Using two strains of Variovorax paradoxus strains, VAI-C 
(multipartite genome: chromosome, chromid, and plasmid) and EPS (single 
chromosome) and two plasmids pRU1105 and pBBR5pemIKpBAD, we evaluated 
the maintenance of plasmids in the absence of selection. Both plasmids contain 
a gentamicin resistance marker, but the pBBR5pemIKpbad plasmid (Burbank 
and Wei 2019) was selected because it has been shown to be maintained in 
some environmental isolates without selection. Our expectation was that this 
plasmid would be maintained because of the toxin-antitoxin system activity of the 





















Figure 17. Optical Density 546nm over a Period of 16 days 
Optical Density 546nm readings representing growth over the 16 day experiment 
from each group. In part (A.) EPS+pR51105, (B.) VAI-C+pRu1105, (C.) 
EPS+pBBR5pemIKpBAD, (D.) VAI-C+ pBBR5pemIKpBAD. For each organism, 
the control (red), exp. #1 (blue), exp. #2 (green), exp. #3 (purple), exp. #4 
(brown) are depicted.  This data is at the limits of the spectrophotometer, do not 
interpret literally.  
  
 
The growth characteristics of the four strain constructs are shown in 
Figure 17. The organisms that contained the pBBR5pemIKpBAD plasmid had 
trouble growing for the first few days of the experiment. This may be attributed to 
the presence of the pemIK TA system, requiring both organisms to adapt which 




reach saturation. Starting at day 10 organisms, that contained the pemIK TA 
system started to show new colony morphologies (not shown). From day 10 to 
day 16 two additional colony morphology phenotypes were detected and 
recorded. The plasmid maintenance data illustrates that there are differences in 
this phenotype based both on the strain and the plasmid (Figure 18). Neither 
plasmid is well maintained in strain VAI-C, while EPS was able to maintain both 
of them at a higher percentage of the population for a longer period of time after 
selection was removed. Surprisingly, the TA system had a deleterious effect and 
showed no additional phenotype in either organism (Figure 18 C and D). Neither 
organism was able to maintain the pBBR5pemIKpBAD plasmid to a high degree, 
the percentage of the population retaining the plasmid dropping to less than a 
fraction of a percent almost immediately. This, combined with the growth issues 
seen in the early days of the experiment suggest that the pemIK TA system in 
Variovorax is deleterious. This suggests that there are genomic determinants of 
plasmid stability, and that the presence of TA system genes on the secondary 
replicons can be determinants of stability. It remains to be determined if the 
plasmid stabilization effect is related to genome size, incompatibility factors, or 












Figure 18. Percentage of Population Retaining the Plasmids over 16 days 
Showing the percentage of the population retaining each plasmid over the 16-day 
experiment. These graphs represent the colony counts done every 3 days, the 
percentage population was done by colony counts (YE-Gm/YE) x 100. In part 
(A.) EPS+pR51105, (B.) VAI-C+pRu1105, (C.) EPS+pBBR5pemIKpBAD, (D.) 
VAI-C+ pBBR5pemIKpBAD. For each organism, the control (red), exp. #1 (blue), 










CHAPTER FOUR                                                                              
CONCLUSION 
With these 17 genomes assemble we report here, illustrate the importance of 
completing genome assemblies and not just leave them as draft contigs on the 
NCBI database. Given the low cost and ease of use of new 3rd generation 
sequencers, we have shown that there is valuable information to be extracted 
from complete assemblies. With the 17 assembled Variovorax genomes we have 
shown that there is extensive heterogeneity which suggests an evolutionary 
pattern. This pattern we observed is consist with plasmid acquisition and 
expansion over evolutionary time. During this expansion, the mean genomic 
frequencies are regressing to that of the chromosome. Uptake of a secondary 
replicon seems to be a rare event but as we have shown it does suggest a likely 
connection between the uptake of a secondary replicon and phylogeny. The 
experimental evolution data showed that EPS, the single chromosome species, 
did maintain the plasmids better than multipartite VAI-C, but this data does not 
addres the mechanism of that difference. There are many factors that could have 
influence this data and further research is required in this area. This data suggest 
that the deleterious effect the TA system had on both organisms. It does suggest 
that while TA systems can be genomic determinatants of plasmid stability, the 
effect might be related to other factors found throughout the genome.  The data 
suggested here is consistent with genomic architecture being repeated to 
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